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Abstract 18 
Daily visibility records of the Italian Air Force synoptic stations over the 1951-2017 period have 19 
been used to set up a monthly quality/homogeneity checked dataset of fraction of days with 20 
visibility higher than or equal to 10 km (fVV10) and 20 km (fVV20) at 12 UTC. This dataset has 21 
then been used to calculate regional average fVV10 and fVV20 records for 5 Italian climatic 22 
regions. The fVV10 and fVV20 averages show a strong spatial variability with the lowest values in 23 
the Po plain, one of the most polluted areas of Europe. In agreement with the results reported in 24 
literature for Europe, fVV10 and fVV20 show a positive trend over the whole considered period 25 
due to a strong increase starting in the 1980s. Differently, in the previous period, visibility 26 
decreases. Moreover, moving from low level areas to mid and high level ones the trends become 27 
much weaker, highlighting how the signal decreases with elevation. The analyses performed 28 
removing the days with high relative humidity or considering only the clear-sky days show that 29 
relative humidity and cloudiness do not have any effect on the observed trends, suggesting that the 30 
main driving factor is aerosol load. This hypothesis is supported by the comparison of visibility 31 
records with modelled aerosol concentrations, atmospheric optical depth values and emission 32 
records. Finally, the trends of fVV10 and fVV20 are in very good agreement with Italian regional 33 
*Manuscript
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records of other variables linked to atmospheric turbidity, like sunshine duration and surface solar 34 
radiation. 35 
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 39 
1. Introduction 40 
The World Meteorological Organization (WMO) defines visibility as the greatest distance at which 41 
a black object of suitable dimensions (located on the ground) can be seen and recognized when 42 
observed against the horizon sky during daylight, or could be seen and recognized during the night 43 
if the general illumination were raised to the normal daylight level (WMO, 2008 and references 44 
therein). Visibility is reduced by the interaction of light with atmospheric aerosols, which can cause 45 
absorption or scattering depending on their size distribution, chemical composition and 46 
concentration. They can have natural (e.g., wind-blown dust, volcanic eruptions, wildfires) or 47 
anthropogenic (e.g., traffic, energy production, residential heating) origin. Consequently, visibility 48 
tends to decrease when air pollutant emissions increase, whereas it is the highest within non-49 
polluted, pristine atmospheres (Sloane, 1982). Visibility is also influenced by meteorological 50 
conditions, both in terms of local weather conditions and synoptic weather patterns (Davis, 1991; 51 
Sloane, 1983; Van Beelen and Van Delden, 2012), as they can limit or enhance the transport and 52 
dispersion of atmospheric aerosols (Founda et al., 2016). Moreover, they influence the aerosol 53 
sources and sinks: for example, wind speed promotes the re-suspension of dust particles, 54 
temperature and solar radiation trigger photochemistry and favour the production of secondary 55 
aerosols, while relative humidity influences aerosols size distribution (Van Beelen and Van Delden, 56 
2012) through hygroscopic growth (Singh et al., 2017) and thus particle ability to diffuse visible 57 
light. 58 
The U.S. Environmental Protection Agency (EPA) (EPA, 1979) has identified visibility impairment 59 
as the best understood of all environmental effects of air pollution (Watson, 2002). Visibility 60 
records can therefore be used to gain useful information on air quality evolution on multi-decadal 61 
time scales (Chang et al., 2009) as they generally cover a much wider interval than air quality 62 
records (Founda et al., 2016). Besides being a good tracer of air quality, which is strictly connected 63 
with human health (Deng et al., 2012; Hu et al., 2017; Zhang et al., 2010), visibility has also an 64 
important direct societal impact (Van Oldenborgh et al., 2010). On one side, low visibility impairs 65 
all forms of traffic, on the other side, good visibility is a desirable feature of any geographical 66 
location (Singh et al., 2017; Zhang et al., 2010). For example, a study at Grand Canyon Park in 67 
USA has shown that visitor frequency in the park has reduced as visibility reduced (Trijonis et al., 68 
1990) and that tourism often depends on good visibility for appreciation of points of interest.  69 
Investigating variability and trends of visibility and the underlying processes, together with the 70 
links with other meteorological variables (e.g., surface solar radiation - SSR, sunshine duration - 71 
SD, cloudiness, temperature and daily temperature range), can help to better understand the role of 72 
aerosols on climate change and to share light on aerosol related phenomena, which are still not 73 
adequately represented in climate models (Van Oldenborgh et al., 2010; Vautard et al., 2009).  74 
For all these reasons, visibility is attracting every day more attention in studies focusing on the 75 
local, regional, continental and global scale (Boers et al., 2015; Cao et al., 2012; Chang et al., 2009; 76 
Doyle and Dorling, 2002; Founda et al., 2016; Hu et al., 2017; Li et al., 2016; Singh et al., 2017; 77 
Van Beelen and Van Delden, 2012; Van Oldenborgh et al., 2010; Vautard et al., 2009). These 78 
studies report a general increase in visibility (or decrease in the frequency of low-visibility days) 79 
after the 1970s-1980s in the United States and Europe, associated with decreasing concentrations of 80 
atmospheric aerosols (Hu et al., 2017; Stjern et al., 2011; Vautard et al., 2009). In particular, this 81 
increase is found to be less pronounced in less polluted areas (Doyle and Dorling, 2002). 82 
Differently, a decreasing tendency of visibility, especially since mid-1990s, is reported for China, 83 
both analysing the whole country (-2.1 km per decade from 1990 to 2005, (Che et al., 2007)), and 84 
studying single regions (Gao et al., 2011) or megacities (Chang et al., 2009). This is due to the 85 
recent rapid economic and industrial development of this country (Deng et al., 2012). 86 
In literature, there are few papers discussing visibility trends in Europe which include also Italian 87 
stations (Li et al., 2016; Van Oldenborgh et al., 2010; Vautard et al., 2009). For example, Li et al., 88 
(2016) report an increase in visibility after the 1980s in western Europe, while this trend is reported 89 
only after the 1990s in eastern Europe, in agreement with the delay of emission reduction in eastern 90 
vs. western Europe. Similar results are found by Van Oldenborgh et al., (2010) and Vautard et al., 91 
(2009), who report a significant decrease in the number of days with low visibility and highlight a 92 
good correlation of this variable with SO2 emissions and changes in large-scale circulation. 93 
However, a paper presenting a comprehensive study of visibility variability and trends in Italy is not 94 
yet available and most of visibility data collected at Italian stations are still unexploited.  95 
In this context, this work aims at collecting (Section 2), pre-processing (Section 3) and analysing 96 
(Section 4) an extensive database of Italian 1951-2017 visibility records focusing on the fraction of 97 
days with visibility higher than or equal to 10 and 20 km. Then, the influence of aerosols on 98 
visibility trends is discussed (Section 5) and finally some conclusive remarks are given (Section 6). 99 
 100 
2. Data  101 
The data used in this work are Italian Air Force (Aeronautica Militare Italiana – AM) Surface 102 
Synoptic Observations (SYNOPs). They were recovered from the AM database 103 
(http://clima.meteoam.it/RicercaDati.php) for the 1951-2014 period and from the National Oceanic 104 
and Atmospheric Administration website (NOAA - https://www.ncdc.noaa.gov/data-access/quick-105 
links#dsi-3505) for the 2015-2017 period. The latter source allows an easy updating of the records 106 
even if it has lower data availability than the former one. The AM database includes records from 107 
168 stations over the entire Italian territory with eight observations per day (see Figure 1 for the 108 
spatial distribution of the stations selected after quality/homogeneity checking – Section 3). For 109 
each station, together with the data, we recovered also the available metadata, which are useful 110 
information during quality/homogeneity checking, allowing to better identify any possible change 111 
in the station conditions affecting the quality of the data (Aguilar et al., 2003). For some stations 112 
only the coordinates are available while for others, AM provides very detailed metadata 113 
(http://www.meteoam.it/page/elenco-stazioni). 114 
We focused on the observations taken at 12 and 15 UTC (i.e. 13 and 16 CET) because they 115 
correspond to the day period when relative humidity is at minimum (Cossu et al., 2015; Mooney et 116 
al., 2016; Van Beelen and Van Delden, 2012) eliminating the potential influence of morning fogs 117 
and biases associated with more difficult visibility estimation during night-time hours (Davis, 118 
1991). In this paper, however, we present only the results concerning 12 UTC as the 15 UTC 119 
observation analysis highlights very similar information. 120 
To observe visibility, an operator scans the horizon for predetermined objects (e.g., mountains, 121 
islands, churches and buildings) located at known distances. Then, a numerical code is assigned, 122 
using the scale recommended by WMO (WMO, 2008 and references therein), where each code is 123 
associated to the greatest distance at which a predefined object can be seen and recognized by the 124 
naked eye. Moreover, if the observed visibility is between two of known distances (and so 125 
associated codes) given in the WMO table, the code for the lower distance is reported. The error of 126 
visibility observations increases with distance, and the measurement scale takes this into account by 127 
reducing the resolution of the available codes (WMO, 2008). Considering that each station has 128 
different reference objects and that the codes have a lower resolution when visibility is high, we 129 
have decided to perform the analysis considering the fraction of days with visibility higher than or 130 
equal to a certain threshold instead of focusing on mean visibility. Specifically, we have analysed 131 
the monthly fraction of days with visibility higher than or equal to 10 km (fVV10 – days with code 132 
higher than or equal to 60) and the fraction of days with visibility higher than or equal to 20 km 133 
(fVV20 – days with code higher than or equal to 70), where each monthly value is calculated only if 134 
at least 80% of data are available. The resulting records range therefore between 0 (if all the 135 
available days have visibility lower than 10 and 20 km, respectively) and 1 (if all the available days 136 
have visibility higher than or equal to 10 and 20 km, respectively). The two distance thresholds 137 
have been selected with the aim of minimizing the number of records with average value close to 0 138 
or to 1, because these records are less sensitive to changes in visibility. 139 
 140 
3. Data pre-processing 141 
3.1 Quality/homogeneity checking procedure 142 
At first, for each series (test series), an independent simulated series is obtained by means of the 143 
neighbouring stations (reference series). Specifically, each monthly value is estimated in a leave-144 
one-out approach as weighted median of 11 potential reconstructions            derived from the 145 
11 reference series with the highest weight among those that are available for the analysed month 146 
and have at least 15 years of data in common with the test series. These values are derived under the 147 
assumption of the constancy of the ratio between test and reference series by means of the 148 
following relation: 149 
                
                  
       
           
    (i =1,…,11)     (1) 150 
where         is the datum of the i-th reference series and         
          and        
          are the mean values 151 
of the considered month calculated over the common data of the test and the i-th reference series.  152 
The weight associated to each reference series in each considered month is calculated as the product 153 
of position, elevation, climatology (this one to avoid comparison among stations characterized by 154 
very different visibility regimes) and angular weighting functions. The position, elevation and 155 
climatology weights are based on Gaussian functions: 156 
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where  is the difference between the value of the considered parameter at test and reference station 160 
and c is a coefficient that regulates the weight decreasing rate, with 1/2 defined as that value of  161 
for which the weight is equal to 0.5. For position weight, 1/2 is set to 300 km, for elevation weight 162 
it is set to 250 m if the test station has elevation lower than or equal to 500 m, otherwise it is set to 163 
half of the test station elevation. For climatology weight, 1/2 is set to 0.1, with station monthly 164 
climatologies calculated over the 15-year period with best data availability. Finally, an angular term 165 
is added in order to take into account the anisotropy in spatial distribution of the series (New et al., 166 
2000).  167 
Then, the quality/homogeneity of the series is checked in three steps: 168 
1. Test and corresponding simulated series are visually inspected and the sub-periods with 169 
evident inhomogeneities in the test series are eliminated. These inhomogeneities can be due, 170 
for example, to periods in which the measures have not been taken adequately, to changes in 171 
station location or to permanent or prolonged changes in the area surrounding the station 172 
(e.g., construction of large industrial plants or large mobility infrastructures);  173 
2. Single outliers in the series are then eliminated. Specifically, after eliminating 174 
inhomogeneous sub-periods in step 1, new simulated series are calculated using the same 175 
procedure explained above and a monthly value in the test series is eliminated if the 176 
difference (in absolute value) from the corresponding simulated value is higher than a given 177 
threshold. This threshold depends on the considered series and month, and it is calculated as 178 
1-σ2, where σ2 is the common variance between test and simulated series (to adopt a more 179 
stringent or more cautious criterion depending on the representativeness of the simulated 180 
series). Moreover, if the threshold is lower than 0.2 or higher than 0.4, it is set to 0.2 or 0.4, 181 
respectively. These values are a compromise between the needing of identifying and 182 
correcting station outliers and the goal of avoiding removing correct values from the 183 
records. 184 
3. The series obtained in this way are then used to calculate new simulated series not affected 185 
by outliers and the procedure at step 2 is applied again to the test series obtained from step 186 
1. 187 
Only the series with at least 30 years of data in the period 1951-2017 after this procedure are 188 
considered for the following analyses, reducing the database to 97 stations for fVV10 and 77 189 
stations for fVV20 (Figure 1). Considering only the stations included in the final database, the 190 
fraction of data eliminated during the quality checks is about 3% for fVV10 and about 11% for 191 
fVV20. The fraction of data eliminated for fVV20 is higher because for some stations, especially 192 
during the more recent years, METeorological Air Report (METAR) codes are used instead of 193 
SYNOP codes for visibility observations. Since the upper bound of METAR codes corresponds to 194 
10 km, when this change occurs the fVV20 series show clear inconsistency. This scale 195 
inconsistency has been previously reported in other areas (Chang et al., 2009; Li et al., 2016). 196 
For both datasets, the stations’ elevation ranges between 2 m and 3488 m, with 77% of them having 197 
an elevation lower than or equal to 500 m (Figure 1 and Figure 2). The mean minimum distance 198 
between station pairs is about 44 km for fVV10 and about 51 km for fVV20, while the number of 199 
available stations per year is always higher than 43 for fVV10 and 26 for fVV20. The highest data 200 
availability is observed from the 1960s to the 1990s (Figure 2). 201 
 202 
3.2  Gap-filling procedure 203 
After quality/homogeneity checks, all the missing values in the monthly series included in the final 204 
database (Figure 1) are estimated using the same procedure illustrated in Section 3.1 to obtain the 205 
simulated series. The procedure is tested with the leave-one-out approach, by considering each 206 
available value as missing and estimating it by means of the same procedure used to estimate the 207 
real missing values. The resulting mean error (ME) is almost null in all months both for fVV10 and 208 
fVV20, suggesting that the method is not affected by systematic errors. The mean absolute error 209 
(MAE) is 0.08 and 0.09 for fVV10 and fVV20, respectively, while the corresponding root mean 210 
square errors (RMSE) are 0.10 and 0.12. 211 
 212 
3.3 Construction of the regional series 213 
For each series, seasonal (March–April-May; June–July-August; September–October-November; 214 
December-January-February) and annual (December-November) series are calculated. Then, these 215 
series are divided in two groups depending on elevation: stations with elevation lower than or equal 216 
to 500 m (75 series for fVV10 and 59 series for fVV20) and stations located at higher elevation (22 217 
series for fVV10 and 18 series for fVV20). 218 
For the stations located at elevation lower than or equal to 500 m, and so representative of low 219 
elevation areas, a gridded version (1°x1° resolution) of the database is generated too in order to 220 
balance the contribution of those areas with a higher number of stations with those that have a lower 221 
station coverage. This gridded version is generated following the technique described in Brunetti et 222 
al., (2006), which is based on an Inverse Distance Weighting approach with the addition of an 223 
angular term to take into account the anisotropy in spatial distribution of stations. Specifically, a 224 
grid point is calculated if there is at least one series at a distance lower than or equal to d/2, where d 225 
is defined as the mean distance from one grid-point to the next one, calculated over all points of the 226 
grid. In this study d is equal to about 140 km. The resulting grid consists of 46 and 39 grid-points 227 
for fVV10 and fVV20, respectively (Figure 1). The grid-point series are then divided into northern 228 
and southern regions by means of a Principal Component Analysis (Preisendorfer, 1988; Wilks, 229 
1995) and averaged in order to obtain series representative of northern and southern Italy low 230 
elevation areas.  231 
Differently, for the series located at elevation higher than 500 m a gridded version is not generated 232 
due to the limited number of available records. However, they are divided into three groups: 233 
northern Italy stations with elevation between 500 m and 1400 m (8 and 5 series for fVV10 and 234 
fVV20, respectively), northern Italy stations with elevation higher than or equal to 1400 m (5 series 235 
for both fVV10 and fVV20) and southern Italy stations with elevation higher than 500 m (9 and 7 236 
series for fVV10 and fVV20, respectively). The series included in each group are then averaged in 237 
order to obtain mean series representative, respectively, of the mid and high elevation areas of 238 
northern Italy and of the mid-to-high elevation areas of southern Italy. Therefore, for both fVV10 239 
and fVV20 we focus on 5 regional average series: low, mid and high elevation areas for the north 240 
and low and mid-to-high elevation areas for the south (L-N, M-N, H-N and L-S, MH-S, 241 
respectively). 242 
 243 
4. Results 244 
4.1 Station climatologies over the 1951-2017 period 245 
The fVV10 and fVV20 annual and seasonal station mean values over the entire considered period 246 
highlight the strong spatial variability of visibility over the Italian territory: they are shown in 247 
Figure 3 for winter and summer, with values ranging from 0.17 (Brescia Ghedi - 16088 - winter) to 248 
0.99 (Prizzi – 16434 - summer) for fVV10 and from 0.07 (Torino Caselle – 16059 - winter) to 0.78 249 
(Prizzi – 16434 - summer) for fVV20.  250 
Both in winter and summer, the lowest fVV10 values (Figure 3a and Figure 3b) are in the Po plain 251 
(average Po plain fVV10 values in winter and summer are 0.31 and 0.67, respectively and 252 
corresponding fVV20 values are 0.13 and 0.27), which has rather continental climate and is one of 253 
the most polluted areas of Europe (Bressi et al., 2016; Squizzato et al., 2013). Within the Po plain, 254 
visibility progressively increases from the west to the east and from winter to summer, season in 255 
which the mid-high elevation sites surrounding it have values that are comparable to the low 256 
elevation sites. A good example of the very different dependence of visibility on elevation in winter 257 
and summer is given by Torino Caselle (45.22 N; 7.65 E; 301 m) and Torino Bric della Croce 258 
(45.03 N; 7.73 E; 710 m): in winter the former site has a strongly lower (0.21) fVV10 mean value 259 
than the latter (0.59), whereas in summer the two means are much more similar (0.51 and 0.60, 260 
respectively). Outside the Po plain and the surrounding mid and high elevation sites, in summer 261 
(Figure 3b) most fVV10 values are over 0.75, with the lowest one in Napoli Capodichino (16289). 262 
Sardinia and Sicily stations, together with some costal stations in Apulia and along the Tyrrenian 263 
sea, have rather high fVV10 means also in winter, whereas in this season the other stations of the 264 
peninsular part of Italy have lower visibility, with values of about 0.60 in the Rome (e.g., 0.62 in 265 
Roma Urbe – 16235) and Naples area (e.g., 0.56 in Napoli Capodichino - 16289). 266 
The spatial pattern of fVV20 station mean values (Figure 3c and Figure 3d) highlights the same 267 
main features even though in this case the highest values generally concern mid and high elevation 268 
stations. In mountain stations fVV10 and fVV20 values are generally rather similar (e.g., Plateau 269 
Rosa – 16052 – 3488 m in winter has a fVV20 normal that is 95% of the corresponding fVV10 270 
normal) as low visibility is often related to foggy conditions producing visibility much lower than 271 
10 km. 272 
 273 
4.2 Trend analysis 274 
The mean series of fVV10 and fVV20 for the northern (N) and southern (S) region and for the low 275 
(L), mid (M) and high (H) elevation areas are shown in Figure 4 and Figure 5, with corresponding 276 
11-year window, 3-year standard deviation Gaussian low-pass filters. The trends estimated using 277 
the Theil-Sen method (Sen, 1968; Theil, 1950) and their significances estimated using the Mann-278 
Kendall non-parametric test (Sneyers, 1992) are shown in Table 1 for three periods (1951-1980, 279 
1981-2017, 1951-2017) and for all the seasons, while the results of trend analysis of the annual 280 
records over moving windows with length comprised between 21 and 67 years are shown in Figure 281 
6. 282 
The L-N and L-S fVV10 series (Figure 4 – black lines, Table 1) show a clear positive trend over the 283 
whole period under analysis (1951-2017). At annual scale, fVV10 increases of 29% and 7% in the 284 
north and in the south, respectively (L-N p-value  0.01; L-S p-value  0.05). This increase is 285 
observed in all seasons (L-N p-value  0.01; L-S p-value  0.1), with the only exception of autumn 286 
in the south, where the trend is positive but not significant (p > 0.1). The fVV10 positive trend is 287 
due to a strong increase starting from about 1980: at annual scale the increase over the 1981-2017 288 
period (brightening period, e.g., Wild, (2016, 2009)) is 38% and 23% in L-N and L-S, respectively 289 
(p-value  0.01) and this increase is significant in all seasons (p-value  0.01). On the contrary, in 290 
the previous period (dimming period. e.g., Wild, (2016, 2009)) visibility decreases. This decrease is 291 
significant at annual scale and in all seasons (p-value ≤ 0.01) with the only exception of winter in 292 
the north.  293 
It is interesting to underline some regional peculiarities like a stronger trend in L-N than in L-S over 294 
the whole considered period, a stronger dimming period decrease in L-S than in L-N and a stronger 295 
brightening period increase in L-N than in L-S. Moreover, the brightening period increase is 296 
stronger than the previous dimming period decrease in the north while it is much more similar in L-297 
S.  298 
The L-N and L-S fVV20 series (Figure 4 - red lines, Table 1) show a similar behaviour and similar 299 
regional peculiarities to that observed for fVV10, even if climatology and intensity of the trends are 300 
different. 301 
Moving from low level areas to high level ones, in the north (H-N) (Figure 5 – second column, 302 
Table 1) dimming and brightening period trends become weaker for both fVV10 and fVV20. They 303 
are however still significant (p-value  0.1) at annual scale and in spring and summer. Also 304 
northern Italy mid-level areas (M-N) (Figure 5 – first column, Table 1) highlight that signals 305 
generally decrease with elevation. The same result is highlighted for southern Italy mid and high 306 
level areas (MH-S) showing less pronounced negative and positive trends in the dimming and in the 307 
brightening periods than the corresponding low level areas. 308 
It is interesting to underline that both in northern and southern Italy, the strongest dimming and 309 
brightening period signals concern summer for both fVV10 and fVV20. It is also worth noticing 310 
that the trend signals of different regions and different seasons are not easy to compare as fVV10 311 
and fVV20 become less sensitive to changes in visibility when their average values approach the 312 
lower (0) or upper (1) limits. 313 
All the previous results are highlighted also by Figure 6, which gives evidence of the very strong 314 
fVV10 and fVV20 signals in the dimming and brightening periods both in L-N and L-S at annual 315 
scale. These signals are still present for mid-level sites whereas they become weaker for high level 316 
sites. 317 
 318 
4.3 Influence of relative humidity (RH) and cloudiness 319 
In order to better understand the impact of high RH days on fVV10 and fVV20 records, we 320 
removed from the series included in the final database all observations collected with RH higher 321 
than or equal to 90% and we recalculated the regional average records as presented in Sections 3.2 322 
and 3.3. The 11-year window, 3-year standard deviation low-pass filters of these records for low 323 
elevation areas (L-N and L-S) are shown in Figure 7 (fVV10 green line, fVV20 orange line), 324 
together with the same curves obtained from the full set of observations (fVV10 black line, fVV20 325 
red line). They highlight that high RH observations have a small but significant effect on average 326 
fVV10 and fVV20 values, especially in winter and autumn, whereas they do not have any effect on 327 
the trends in the dimming and in the brightening periods. Figure 8 (same colours as Figure 7) 328 
presents the same curves for mid and high elevation areas (M-N, H-N, MH-S). In this case the 329 
differences in fVV10 and fVV20 climatological values are stronger because in mountain areas low 330 
visibility is often related to foggy conditions. However, removing the observations with high RH 331 
does not alter the dimming and brightening period trends. If we set the threshold to identify high 332 
RH observations to 80%, we obtain the same trends in all regions, even though with higher fVV10 333 
and fVV20 climatological values (figure not shown).These results give evidence that fVV10 and 334 
fVV20 trends both for northern and southern Italy, do not significantly depend on changes in the 335 
fraction of days with high RH. 336 
We investigated visibility trends also focusing on clear-sky days only. These days are here 337 
identified as days with total cloud cover (TCC) lower than or equal to 1 okta. Also in this case L-N 338 
and L-S curves (blue and grey lines in Figure 7 for fVV10 and fVV20, respectively) show similar 339 
features than those obtained for the full dataset. However, especially for fVV20, the dimming and 340 
brightening period signals are slightly stronger in all seasons (e.g., at annual scale the increase 341 
during the 1981-2017 period is 36% for L-N and 31% for L-S for the full dataset and 52% for L-N 342 
and 47% for L-S for the clear-sky dataset). Moving to higher elevations the clear-sky fVV10 343 
records reach the maximum values for H-N and MH-S almost over the whole period, making it very 344 
difficult to appreciate any signal except for summer H-N where the dimming and brightening period 345 
signals are still present, while M-N curves give evidence of signals much more similar to those 346 
obtained considering all the days. Considering the clear-sky M-N and MH-S fVV20 curves, the 347 
observed behaviour is comparable to that observed for the full dataset while for H-N the clear-sky 348 
fVV20 curves are more similar to the H-N fVV10 ones. Overall, the clear-sky fVV10 and fVV20 349 
show how the dimming and brightening period signals do not significantly depend on cloudiness 350 
changes.  351 
It is interesting to underline that removing the days with RH≥90% (RH≥80%) and TCC>1okta from 352 
the original series the obtained curves are very similar to those obtained removing only the days 353 
with TCC>1okta (results not shown). 354 
 355 
5. Discussion 356 
The regional average trends of fVV10 and fVV20 can not be compared with corresponding aerosol 357 
concentration trends, because aerosol concentration data are available for a much shorter period 358 
than visibility data. Moreover, even for the last 10-15 years, the spatial coverage of aerosol 359 
measurements is highly inhomogeneous and large areas of central and southern Italy do not have 360 
any records (see e.g. ISPRA, (2014)). Thus, we consider in this discussion modelled aerosol 361 
concentrations, atmospheric optical depth (AOD) values and emission data covering a multi-decal 362 
period. 363 
Firstly, we compare the spatial pattern of fVV10 and fVV20 average values with that of the 364 
modelled aerosol mass concentrations available at hourly resolution for the 2010-2017 period from 365 
the European Regional Air Quality production of the Copernicus Atmospheric Monitoring Service 366 
(CAMS) initiative (http://www.regional.atmosphere.copernicus.eu/). Specifically, this comparison 367 
is performed for each single station using the PM2.5 12UTC daily records of the next neighbour 368 
point of the 0.1-degree resolution CAMS grid. Even if the resolution of CAMS grid does not 369 
completely capture the orographic details and micrometeorology of some stations, the spatial 370 
distribution of the annual average PM2.5 concentrations (Figure 9a) is in agreement with fVV10 371 
means over the common period. Specifically, the Po plain is characterized by the highest 372 
concentrations, in agreement with the reported low visibility values (see Figure 3 even if calculated 373 
over a different reference period). On the other side, the lowest concentrations are observed over the 374 
Alpine chain characterized by high visibility values. The central and southern parts of Italy show 375 
lower concentrations than those observed in the Po plain and a lower difference between low and 376 
high elevations. However, the urban areas of Rome and Naples show higher values than the 377 
surrounding areas, in agreement with relatively low fVV10 values. The scatter plot of fVV10 means 378 
versus corresponding PM2.5 averages (Figure 9b and Figure 9c) gives further evidence that lower 379 
visibility means are associated with higher PM2.5 levels. This behaviour is observed both under 380 
all-sky (Figure 9b) and clear-sky (Figure 9c) conditions especially for the stations located at low 381 
elevations, where the aerosol concentrations are higher. Differently, for the stations located at 382 
higher elevation the observed values under all-sky conditions are more connected with the 383 
cloudiness variability as already discussed in Section 4.3; in fact, visibility means are always close 384 
to 1 once cloud contribution is removed (Figure 9c). Similar results can be obtained also 385 
considering fVV20 or using PM10 instead of PM2.5. Also the temporal evolution of PM2.5 (PM10) is 386 
in agreement with fVV10 and fVV20 trends because modelled aerosol concentrations decrease in 387 
the 2010-2017 period. However, the too short period covered by CAMS data does not allow to go 388 
more in depth with this aspect. To investigate the link between visibility and PM concentration 389 
trends, we use the latest atmospheric reanalysis of the satellite era produced by NASA’s Global 390 
Modelling and Assimilation Office (GMAO): Modern-Era Retrospective Analysis for Research and 391 
Applications, Version 2 (MERRA-2 - https://gmao.gsfc.nasa.gov/reanalysis/MERRA-392 
2/data_access/ (Gelaro et al., 2017)) with a horizontal resolution of 0.5°x0.625°. Specifically, we 393 
investigate the AOD trend (by means of the Sen-Theil method) for each grid-point belonging to the 394 
Italian territory available for the 1981-2017 period. The results obtained at annual scale show a 395 
negative trend of columnar atmospheric turbidity for all the considered grid-points (Figure 10). 396 
Moreover, they show a spatial distribution similar to that of visibility trend (see Figures 4-8 397 
considering the common period) with the strongest variations in the Po plain area (see L-N series), a 398 
stronger trend for low than for high elevations (see L-N vs. H-N series) and a trend intensity which 399 
decreases from the north to the south (see L-N vs. L-S series). It is also interesting to underline 400 
some grid-points over the Apennine chain showing a lower decrease than the surrounding ones, as 401 
observed in the visibility series (see L-S vs. MH-S series). In spite of the good agreement with 402 
fVV10 and fVV20 trends, it is worth noticing that the AOD is the total column extinction due to all 403 
aerosol species. Therefore, this two-dimensional property does not contain information about either 404 
the vertical distribution of aerosol extinction or the contribution of any given aerosol species to the 405 
extinction at any level of the atmosphere. Thus, even if AOD and visibility observations show the 406 
same features, the AOD is an index of air column turbidity, which might be not directly comparable 407 
with horizontal visibility at ground level.  408 
Finally, on a longer temporal horizon, interesting information can be obtained only from emission 409 
data. Specifically, we consider here the Emissions Database for Global Atmospheric Research 410 
(EDGAR v4.3.2 - http://edgar.jrc.ec.europa.eu/overview.php?v=432) focusing on the Italian 411 
total emission of SO2, NOx, NH3. These species are precursors of secondary aerosols like sulphates 412 
and nitrates (Squizzato et al., 2013). Moreover, PM2.5 and PM10 primary emissions are considered 413 
too (Crippa et al., 2018) (Figure 11). The advantage of this dataset is that the emissions are 414 
available for the 1970-2012 period (updating to 2015 are in preparation but not yet available at 415 
present), thus covering the last years of the dimming period and almost the whole brightening 416 
period, allowing a comparison with the visibility records over a longer time scale than the other 417 
products discussed above. The emission data highlight the agreement of fVV10 and fVV20 trends, 418 
both for the north and south, with the beginning of the decrease of SO2 emissions corresponding to 419 
the beginning of the period of increasing visibility. NOX starts to decrease from 1995, some years 420 
later than SO2, whereas NH3 starts to decrease in the period between 1980 and 1995. A similar 421 
behaviour is observed for PM2.5 and PM10 emissions. These patterns are in agreement with the fact 422 
that the brightening period fVV10 and fVV20 positive trends become stronger in the 1990s (Figures 423 
4-6). EDGAR data set does unfortunately not cover the entire dimming period. However, other 424 
emission data show a strong increase in SO2 emissions over the 1951-1980 period of a factor 425 
comprised between 3 and 6 (Mylona, 1996; Smith et al., 2011).  426 
 427 
6. Conclusions 428 
Daily visibility records of the Italian Air Force synoptic stations over the 1951-2017 period have 429 
been used to set up a monthly quality/homogeneity checked dataset of fraction of days with 430 
visibility higher than or equal to 10 km (fVV10) and 20 km (fVV20) at 12 UTC. This dataset has 431 
then been used to calculate regional average fVV10 and fVV20 records for 5 Italian climatic 432 
regions: low, mid and high elevation areas for the northern part of Italy and low and mid-to-high 433 
elevation areas for the southern part of Italy (L-N, M-N, H-N and L-S, MH-S, respectively).  434 
The fVV10 and fVV20 means over the whole considered period (1951-2017) show a strong spatial 435 
variability with the lowest values observed in the Po plain, one of the most polluted areas of 436 
Europe. 437 
The L-N and L-S fVV10 series show a positive trend over the whole period under analysis, with the 438 
only exception of autumn in the south. This behaviour is due to a strong increase starting in the 439 
1980s. Differently, in the previous period, visibility decreases with the only exception of winter in 440 
the north. The L-N and L-S fVV20 series show similar behaviour, even if climatology and intensity 441 
of the trends are different. Moving from low level areas to mid and high level ones (M-N, H-N and 442 
MH-S) both the fVV10 and fVV20 initial decrease and the following increase become weaker, 443 
highlighting how the signal generally decreases with elevation. The analysis performed removing 444 
the days with high RH (RH ≥ 90%) shows how for low level areas, days with high RH have a small 445 
but significant effect on fVV10 and fVV20 climatological values, especially in winter and autumn, 446 
whereas they do not have any effect on the trends. The same analysis performed for mid and high 447 
elevation areas show stronger differences because in mountain areas low visibility is often related to 448 
foggy and cloudy conditions. However, removing the observations with high RH does not alter the 449 
long-term trends. Similar results are obtained performing the analysis considering clear-sky days 450 
(TCC ≤ 1okta) only. Therefore, the strong fVV10 and fVV20 trends observed especially for low-451 
level areas seem to be not significantly influenced by relative humidity and cloudiness and the main 452 
driving factor seems to be aerosol load. 453 
Unfortunately, aerosol concentration data are available for a much shorter period than visibility data 454 
and for very few sites especially in the southern part of Italy. However, interesting information can 455 
be obtained using modelled aerosol concentrations, AOD values s and emission data. In particular, 456 
lower visibility means, as those observed in the Po plain or those observed in the main urban sites 457 
(e.g., Rome and Naples), are associated with higher PM2.5 aerosol concentrations (annual means 458 
over the 2010-2017 period - European Regional Air Quality production of CAMS), while higher 459 
visibility means are associated with areas where the concentrations are lower (e.g., high elevation 460 
sites). Moreover, the strong increase in the fVV10 since the beginning of the 1980s is associated 461 
with a strong decrease in the AOD (trend over the 1981-2017 – MERRA2). This link is especially 462 
evident in the Po plain and over the Alpine chain. Finally, the decrease in fVV10 and fVV20 (at 463 
least since the 1970s) and the following increase show the same features of the total emissions over 464 
Italy (EDGAR v4.3.2) of the precursor gases and aerosol primary emissions. In particular, the 465 
decrease of SO2 emissions since 1980, is in agreement with the beginning of the period of 466 
increasing visibility, while the decrease of NOX and NH3 emissions, which occurred about ten years 467 
later, is in agreement with the intensification of fVV10 and fVV20 positive trends observed in the 468 
1990s.  469 
The obtained results are in agreement with those reported in literature for Europe (Founda et al., 470 
2016; Li et al., 2016; Van Oldenborgh et al., 2010; Vautard et al., 2009) which report an increase in 471 
visibility after the 1980s. The observed trends are also in agreement with those reported for the 472 
Italian territory for surface solar radiation (SSR) and sunshine duration (SD) by Manara et al., 473 
(2017, 2016, 2015). These authors suggested that the variations observed for SSR and SD are due to 474 
changes in the transparency of the atmosphere, hypothesizing a significant contribution of aerosols 475 
in the clear-sky SSR and SD trends. The results obtained in this paper for fVV10 and fVV20 476 
strengthen this hypothesis, highlighting also some similar regional peculiarities between visibility 477 
trends and that of SSR and SD. In fact, visibility series, like clear-sky SSR and SD series, show a 478 
stronger trend in the north than in the south over the whole considered period, a stronger dimming 479 
period decrease in the south than in the north and a stronger brightening period increase in the north 480 
than in the south. Moreover, the brightening period increase is stronger than the previous dimming 481 
period decrease in the north while it is slightly lower or comparable in the south.  482 
The observed decrease in the intensity of the trends with elevation is in agreement with the results 483 
reported for SSR series in the Piedmont region (Manara et al., 2018). It is interesting to underline 484 
that for H-N the visibility trends are significant only during spring and summer probably due to the 485 
fact that in these seasons the higher boundary layer causes much more similar aerosol 486 
concentrations at low and high elevations (Carbone et al., 2010; Magri et al., 2016). Differently 487 
during winter the boundary layer is generally rather low inhibiting the transport of polluted air 488 
masses upwards from lower regions by thermal convection (Baltensperger et al., 1991; Carbone et 489 
al., 2010; Lugauer et al., 1998) and the high elevation areas have probably been rarely subjected to 490 
high aerosol concentrations even in the period of highest aerosol emissions.  491 
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    Year Winter Spring Summer Autumn 
L-N fVV10 
1951-1980 -0.12±0.02 - -0.12±0.04 -0.23±0.04 -0.16±0.02 
1981-2017 0.38±0.01 0.30±0.03 0.38±0.02 0.46±0.03 0.38±0.02 
1951-2017 0.29±0.04 0.27±0.03 0.27±0.04 0.35±0.07 0.27±0.04 
L-S fVV10 
1951-1980 -0.22±0.02 -0.12±0.02 -0.20±0.02 -0.28±0.02 -0.21±0.03 
1981-2017 0.23±0.01 0.18±0.02 0.24±0.02 0.30±0.03 0.19±0.01 
1951-2017 0.07±0.03 0.04±0.02 0.07±0.03 0.12±0.04 + 
M-N fVV10 
1951-1980 -0.19±0.01 -0.14±0.02 -0.20±0.03 -0.27±0.03 -0.17±0.02 
1981-2017 0.30±0.02 0.15±0.03 0.36±0.03 0.37±0.03 0.25±0.03 
1951-2017 0.17±0.03 0.11±0.03 0.18±0.05 0.23±0.05 0.12±0.04 
H-N fVV10 
1951-1980 -0.07±0.02 - -0.10±0.04 -0.13±0.03 + 
1981-2017 0.06±0.02 - 0.14±0.03 0.13±0.03 + 
1951-2017 0.05±0.02 + 0.07±0.03 0.10±0.03 + 
MH-S fVV10 
1951-1980 -0.03±0.02 + -0.06±0.03 -0.04±0.02 - 
1981-2017 0.06±0.01 + 0.06±0.02 0.05±0.01 0.06±0.02 
1951-2017 0.07±0.01 0.08±0.03 0.08±0.02 0.05±0.01 0.06±0.02 
L-N fVV20 
1951-1980 - 0.04±0.02 - -0.06±0.02 - 
1981-2017 0.36±0.02 0.24±0.04 0.35±0.04 0.53±0.03 0.33±0.03 
1951-2017 0.30±0.03 0.24±0.02 0.28±0.04 0.40±0.06 0.27±0.03 
L-S fVV20 
1951-1980 -0.10±0.02 0.05±0.03 -0.07±0.02 -0.23±0.03 -0.09±0.03 
1981-2017 0.31±0.03 0.17±0.03 0.28±0.04 0.49±0.04 0.26±0.03 
1951-2017 0.11±0.04 0.07±0.02 0.10±0.04 0.24±0.06 0.10±0.04 
M-N fVV20 
1951-1980 -0.05±0.02 - - -0.12±0.04 + 
1981-2017 0.32±0.02 0.12±0.04 0.36±0.03 0.53±0.03 0.26±0.03 
1951-2017 0.24±0.04 0.18±0.02 0.22±0.04 0.33±0.06 0.18±0.03 
H-N fVV20 
1951-1980 -0.08±0.02 - -0.13±0.05 -0.13±0.03 + 
1981-2017 0.06±0.02 - 0.16±0.04 0.17±0.04 - 
1951-2017 0.04±0.02 + 0.07±0.04 0.10±0.04 - 
MH-S fVV20 
1951-1980 -0.07±0.03 - - -0.15±0.06 -0.07±0.04 
1981-2017 0.10±0.04 + + 0.28±0.05 0.08±0.05 
1951-2017 - + + + - 
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Table Captions 645 
Table 1. Trends expressed as fVV10 and fVV20 variations over three periods (1951-1980; 1981-646 
2017; 1951-2017) provided together with an estimation of their standard deviations (half widths of 647 
68% confidence intervals). Values are shown in roman for significance level 0.05<p0.1 and in 648 
bold for a significance level p0.05. For non-significant trends, only the sign of the slope is given. 649 
The trends are estimated with the Theil-Sen method while the significance of the trends is evaluated 650 
with the Mann-Kendall non-parametric test. 651 
  652 
Figure Captions 653 
Figure 1. (a) Spatial distribution of the 97 stations included in the final database (they are the sites 654 
with more than 30 years of data after quality/homogeneity checking – see Section 3) for fVV10; (b) 655 
Spatial distribution of the 77 stations included in the final database for fVV20. The stations with 656 
elevation lower than or equal to 500 m are represented with a circle (Low elevation) while those 657 
located at higher elevation are represented with a triangle (Mid-to-high elevation). A larger symbol 658 
is used for the series with more than 45 years of available data. For each station the last digits of 659 
the WMO code are reported too. The red symbols (stars for the northern part of Italy and crosses 660 
for the southern part of Italy) represent the grid-points used to calculate the low elevation regional 661 
series (see Section 3.3). The panels also show the orography of the region. 662 
 663 
Figure 2. (a) Number of fVV10 records for three elevation ranges; (b) Number of fVV10 records 664 
per year considering the entire dataset (solid line), only the stations with elevation lower than or 665 
equal to 500 m (Low elevation stations – dashed line) and only the stations with elevation higher 666 
than 500 m (Mid-to-high elevation stations – dotted line); (c) and (d) as (a) and (b) but for fVV20. 667 
 668 
Figure 3. (a) Winter mean fVV10 values over the 1951-2017 period; (b) Summer mean fVV10 669 
values over the 1951-2017 period; (c) and (d) as (a) and (b) but for fVV20. The stations with 670 
elevation lower than or equal to 500 m are represented with a circle while the stations with 671 
elevation higher than 500 m are represented with a triangle. 672 
 673 
Figure 4. Annual and seasonal L-N (left column) and L-S (right column) fVV10 (thick black lines) 674 
and fVV20 (thick red lines) series plotted together with corresponding 11-year window, 3-year 675 
standard deviation Gaussian low-pass filters (thin lines).  676 
 677 
Figure 5. Annual and seasonal M-N (first column), H-N (second column) and MH-S (third column) 678 
fVV10 (thick black lines) and fVV20 (thick red lines) series plotted together with corresponding 11-679 
year window, 3-year standard deviation Gaussian low-pass filters (thin lines).  680 
 681 
Figure 6. L-N, M-N, H-N, L-S and MH-S annual fVV10 (left column) and fVV20 (right column) 682 
running trend analysis. The y and x axes represent the length and the first year of the period under 683 
analysis, respectively, while the coloured pixels show the Theil-Sen trend expressed as variations 684 
per decade with a Mann-Kendall significance level p0.05 (large squares) and p>0.05 (small 685 
squares). 686 
 687 
Figure 7. Annual and seasonal 11-year window, 3-year standard deviation Gaussian low-pass 688 
filters for L-N (left column) and L-S (right column) fVV10 and fVV20 series. Black and res lines are 689 
for fVV10 and fVV20 using all available days, green and orange lines are for fVV10 and fVV20 690 
removing the days with RH ≥ 90% and blue and grey lines are for fVV10 and fVV20 selecting only 691 
the days with TCC ≤ 1okta.  692 
 693 
Figure 8. Annual and seasonal 11-year window, 3-year standard deviation Gaussian low-pass 694 
filters for M-N (first column), H-N (second column) and MH-S (third column) fVV10 and fVV20 695 
series. Black and res lines are for fVV10 and fVV20 using all available days, green and orange 696 
lines are for fVV10 and fVV20 removing the days with RH ≥ 90% and blue and grey lines are for 697 
fVV10 and fVV20 selecting only the days with TCC ≤ 1okta. 698 
 699 
Figure 9. (a) PM2.5 annual average concentrations calculated over the 2010-2017 period in 700 
correspondence with the stations reported in Figure 1; (b) fVV10 annual average in relation to 701 
PM2.5 annual average concentrations for the 2010-2017 period; (c) as panel (b) but considering 702 
only the days with TCC ≤ 1okta. The aerosol concentrations are calculated by the Ensemble 703 
modelling, provided by the Copernicus Atmospheric Monitoring Service (CAMS) initiative. 704 
 705 
Figure 10. MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, Version 706 
2) annual aerosol optical depth trends (expressed as variation per decade) for the grid-points 707 
belonging to the Italian territory over the 1981-2017 period. The trends are estimated with the 708 
Theil-Sen method. 709 
 710 
Figure 11. (a) Total annual Italian emissions of SO2 (red line), NOx (blue line) and NH3 (orange 711 
line). The data come from the Emissions Database for Global Atmospheric Research (EDGAR 712 
v4.3.2); (b) as panel (a) but for PM2.5 (red line) and PM10 (black line). 713 
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  New data set of Italian quality/homogeneity checked visibility records 
 1951-2017 fraction of days with visibility higher than or equal to 10 km and 20 km  
 Visibility records show a positive trend over the whole considered period 
 Trends become weaker increasing the elevation 
 The main driving factor seems to be aerosol load 
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